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ABSTRACT

The results of investigations to establish stress-wave analysis tech-
nique (SWAT) system parameters for the monitoring of thin walled Ti-6Al-4V -
pressure vessels such as the Apollo SPS tank are presented. Sensor attachment
techniques which overcome previous problems encountered when bonding cement
was used to attach the sensor to the test article are described. Stress-wave
emission characteristics which can be employed as precursors of failure in air,
distilled water inhibited with sodium dichromate (500 ppm) and methyl alcohol
environments were determined, and a SWAT system possessing sufficient sensi-
tivity to detect and monitor stress wave emissions associated with subcritical
crack growth is discussed. Critical stress intensity data and relationships
between applied stress intensity and failure time for the various material
thicknesses (0.030 and 0.060-in.) and environments investigated are presented.
Application of the results obtained to the proof testing of critical tankage

is discussed and recommendations for follow~on studies are presented.
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I. INTRODUCTION

The reliability and quality assurance of propellant containment tanks ]
in man-rated space vehicles is of paramount importance to NASA. One of the
methods employed to ensure maximum reliability in such vessels is the proof
test. Experience has shown that proof testing to a level above the tanks
operating pressure is generally useful as a quality assurance measure to
detect flaws large enough to fail the vessel at or below the operating
pressure. However, numercus proof-test failures have occurﬁed during the hold
period at maximum pressure which serve as reminders of the danger of sub-~
critical crack growth both during hydrotest and service (due to environmentally-
induced growth), and demonstrates the need for a nondestructive inspection

technique which can be employed during pressurization to detect the initiation

and growth of subecritical defects (Ref 1) and determine theilr location.

The Aerojet Stress Wave Analysis Technique (SWAT) is an inspection

fTL L Lt i i e m mmmat dhiAama wvortiE P aman o HITN FRTTQ TecnNMI AN . TTUHITs-
o e n e e L [ -

ducers are employed to detect the stress-wave emissions, which accompany the
energy release occurring when a flaw propagétes, and through seismic techniques,
triangulate back to the source of the emission. The technique has been
employed for this purpose during previous pressure vessel hydrotests (Refs 2
and 3), including the hydroburst (Ref 4) of an Apollo service propulsion system
(SPS) fuel tank. |

The service history of the SPS tank is of particular interest in connec-
tion with this study. The vessel had been removed from Aifframe~017 after its
mating fuel tank had ruptured at 240 psig during a system pressure test using
methyl alcohol. Following hydroburst, the interior surfaces of the vessel
were found to contain many small surface flaws, presumably the result of
stress corrosion in the methyl alcohel enviromment. Although SWAT was success-—
fully employed to detect the onset of failure during the hydroburst of the SPS

fuel tank, difficulties were encountered due to cracking of the cement used to
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I, Introduction (cont.)

bond the SWAT transducers to the vessel. This difficulty resulted from the .
high strain occurring in the thin-walled (0.030 to 0.060-in.) 8PS tank.
Cracking of the bonding cement produced extraneous signals which complicated
the SWE data analysis. Also, during this test, relatively few stress waves
attributable to flaw growth were observed, suggesting that very small amplitude
stress waves were associated with the growth of the surface flaws which had

been produced by previous pressurizations in a methyl alcohol environment.

In view of the latter difficulties, the program described herein was

undertaken. The objectives of the program were to:

1. Demonstrate improved transducer attachment techniques;

2. To determine stress-wave chavacteristics associated with part-

LBLUGEL oawe 7070 dn the titanium 6A1-4V alloy exposed to aidr,
distilled water Lititvieed el =37 Um ATOO T OMELL, wew o0 00T

alcohol environments;

3. Define the system sensitivity required to detect the stress-wave
emission sensitivity associated with flaw growth; and

4, Compare and correlate such characteristics with data obtained
from the SPS tankage hydroburst previously perxrformed.

Page 2



II. SUMMARY

Sensor attachment techniques were successfully developed which overcome
previous bonding agent cracking encountered during the hydrotest of the SPS
tank. The technique recommended for use with pressure vessels inccrporates
an attachment block to which the sensor is mounted and which, itself, is
mounted to the test article using RIV silicon rubber. This technique provides
the degree of contact required for good stress-wave emission transmissability,
does not produce extraneous signals and will withstand the environmental con-

ditions to which the SPS fuel tank is subjected.

The stress-wave emission characterization studies were performed using
Ti~6A1-4V material (0.030 and 0.060-in. thick) supplied by NASA from a
discarded SPS tank. The tests were performed using fatigue precracked part-
through~crack tensile specimens which were alsco employved to determine critical

etraag dintensity values. The results obtained indicated KIC vaiues of
E I oY
v -t

43,5 ksi-in.™' T and 45.¥ Ksi-au. o e Fav 41 415 8040 ULauUuT aaes

. . : + R . ;
thick material. These corresponded to a value of 44 ksi-in. / obtained by

R

NASA for the same material and was independent of air or inhibited water
environment. Critical stress intensity values were not calculated for the
methyl alcohol environment tests since specimens tested in this environment
always failed during hold and no accurate measurements of the slow crack growth
were possible. The failure time in methyl alcohol was dependent on the initial
applied stress intensity. Conversely, neither slow crack growth nor specimen
failure was observed in air and/or inhibited water environments for hold
periods up to 18 hours at applied stress intensity values of up to 0,92 K_

1c

failure only occurred during rising load fo the KIC value.

The system gensitivity required to detect stress-wave emissions from
subcritical crack growth in thin walled (0.030 and 0.060-in.) 6A1-4V titanium
was successfully achieved and demonstrated in air, inhibited water, and methyl

alcohol environments. Verification of adequate SHWAT-system sensitivity was

3
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II, Summary (cont.)

made through analysis of stress-wave emission data from a previous Apollo SPS~-

tank hydroburst.

The stress~wave-emission characteristics which were determined as
precursors of failure were the same for all environments investigated; these
are: (1) the rate of occurrence, (2) the cumulative count, and (3) the ampli-
tude of stress-wave emissions, all of which increased significantly as failure
was appreached. In air and inhibited water, no significant SWE were observed
under sustained load for hold periods of up to 18 hours. This was consistent
with the fact that there was nelther evidence of slow crack growth in the
fracture surfaces nor failure during the hold periods. Failure during subse-
quent rising load was detected by monitoring the stress~wave emissions
occurring and was attended by increased stress-wave rate of occurrence and

crrTaEnde . g owedh, s w2702 SWE indicative of the suberitical crack growth

AR N

A [ 5

were observed during the holding periods and iucicesew .i0 77 were of
occurrence and amplitude as failure approached. The interval between the on-
set of detectable crack growth as shown by the stress-wave emission data and
actual failure, varied as a function of environment and applied stress
intensity; in all dinstances, this time interval was sufficient to terminate

the pressurizing cycle in a hydrotest prior te failure.
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IIT1. TRANSDUCER ATTACHMENT TECHNIQUE

A. BACKGROUND

Prior to the hydroburst of the SPS fuel tank, a wide variety of
adhesives had been used for attaching stress-wave sensors to the test item.
In addition to adhesives, other sensor fastening techniques including mechani-
cal devices such as wrap-around spring cords or coiled springs, had also been
employed. Many of these techniques are currently in use, depending on the
specific application and when correctly applied, are acceptable methods. The

mcre important considerations regarding the attachment of the sensor are:

1. The attachment should be as near to being an integral part

of the test item as possible.

2. The attaching method must withsetand, without failing or
~rearkine  trhe gtructural and envirommental counditions to which the test object

is exposed.

3. The attachment should not change, nor affect the primary

structural characteristics of the test item.

4, The attachment assembly should present as small a mechanical
impedance as is practically possible. This usually suggests a very stiff

attaching method and a very small mass for both sensor and attachment device.

5. The attachment and removal of the sensor should be easily
accomplished without excessive preparatory time, and should not require mate-
rials, equipment and skills beyond those normally acguired by competent test

laboratory personnel.

Page 5



III, A, Background (cont.)

The attachment procedure previously used to install stress-—wave

sensors on the SPS fuel tank are described below:

1. The surface of the fuel tank was roughened at each of the

sensor locations using a fine grade of sandpaper.
2. The surface was then cleaned with Methyl Ethyl Ketone (MEK).

3. Aluminum alloy attachment blocks (1/2-in. dia x 1/2-in. long,
drilled and tapped (10~32) on one side for mounting the sensor) were then
sanded and also cleaned with MEK.

!

| 4. The attachment blocks were lightly coated with Budd Co. GA-2

i

4

s omememey

epoxy strain gagze adhesive and applied to the sensar Tacatrdinn rm she £o.00

........ el casu veen Ligutly coated with the adhesgive,

5. A light spring load of 5 1b was used to hold the attachment
block in position for approximately 48 hr at ambient conditions while the

epoxy adhesive cured.

6. The sensors were theéen secured to each of the attachment blocks

with threaded studs.

Exclusive of the epoxy cure time, the total time required to
install the blocks used during testing of the SPS fuel tank was approximately
20 min. The Budd Co. GA~2 epoxy strain gage adhesive had not been used for
attaching stress-wave emission sensors prior to the hydrotest of the SPS fuel
tank. However, this material was selected since the manufacturer's specifica-
tion indicated a maximum strain level before crécking ef 20%, which was in

excess of that anticipated during the burst testing of the SPS tank.
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I1I, A, Background {(cont.)

If the strain requirements of the attachment adhesive are con-
gidered, the requirement for a high elongation without cracking becomes
readily apparent. As shown in Figure 1, when the test specimen elongates to
a strain of AL, the adhesive joint is strained an equivalent amount in shear
because of the stiffness of the attachment block. These shearing strains are
considerably higher than with a conventional strain gage because the strain
gage movement at the tank wall-attachment block interface wvery closely matches
that of the structure. In situations where the test specimen is in a vertical
position, the adhesive joint is also subjected to a bending moment due to

the weight of the sensor and attachment block assembly.

Most epoxzy adhesives should be capable of remaining intact to and

slightly beyond the hydrostatic proof test strain levels usvally experienced

by aerospacs fuel tanks. However, in thin-walled tanks such se tha QPC wrn--1
I 5 .
et s T e e mwasiaas revers may e encountered and can result in adhesive

cracking. In addition, another generally more common mode of adhesive failure
is lack of adhesion to one of the bonding surfaces. This can occur because of
inadequate cleaning procedures and may be a problem because of the difficulty
in completely removing the titanium oxide coating resulting from post-welding
stress relieving-aging treatments employved in processing titanium pressure

vessels such as the SPS tank.

During this investigation, the cracking of the Budd Co. GA~2 epoxy
‘”gtrain gage adhesive was verified. Tensile gpecimens supplied by NASA from an
SPS chamber, were tested by bending to predetermined strain levels with both
stress~wave sensors and strain gages attached. The same sensor attachment
techniques used during the SPS fuel tank hydrotest program were employed.
During these tests, the stress-wave sensore showed acceleration transients
beginning at small deflections; these transients increased as the deflection
was increased. Examination of the specimen indicated no flaw interaction or

growth, but cracking of the adhesive was observed.
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ITI, A, Background (cont.)

A review of signal impedance studies (Refs 5 and 6) indicates that

Y"stiff" as the structure to which it is attached.

the mounting should be as
If a "softer' technique is employed, signal attenuation occurs because of the
"interface' produced between the two components of significantly differvent
moduli. Obviously, then, an attachment technique which employs a welded or
‘threaded connection to which the sensor can be attached and brought to bear
directly on the specimen surface would be desirable. However, during the test~
ing of most aerospace pressure vessels, it is not possible to weld or drill

and tap to the structure; this is particularly so when testing very thin walled
vessels such as the titanium SPS fuel tank. Counsequently, an alternate tech-
nique required development which would provide adequate contact between the
test specimen and sensor without introducing neither a source of extraneous
signals nor significant stress-wave attenuation.

S e m s v ATRTIO ATY AT N ST
De TN it e PIACTHMENT RGO LD

During SWAT tests of Aerojet—fabricated second-stage Minuteman
rocket motor cases fabricated using the 6A1-4V titanium alloy (approximately
0.1 in. thick), various sensor attachment techniques were evaluated. The
method which was finally selected and used successfully requires a slightly
longer preparatory time than the technique previously used, but can be modi-
fied slightly to lessen this time. Figure 2 shows a cross—section of the
stress-wave emission sensor installation which was established for use on
production proof hydrotests of titanium pressure vessels. As recommended in
Ref 5, a slight film of light machine oil is also used between the sensor and
the test specimen, thereby greatly increasing the transmissability of the

signal.

On the basis of the aforementioned effort and the tests conducted

during this program, the following praceduré has been established for attaching
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111, B, Recommended Sensor Attachment Procedures (cont.)

stress-wave-emission sensors to titanium pressure vessels of known dimensions

and test pressures.

1. Fabricate an attachment block of the design shown in Figure 3
for each sensor location. This block is to be made of either aluminum or

titanium alloy.

2. After accurately marking each sensor location on the test
vehicle, thoroughly clean the surface in a circle whose diameter is 1.5 times
that of the attachment block. A good cleaning procédure consists of: (a)
degreasing the surface with an acceptable solvent for titanium, (b} lightly
abrading the surface with a fine grade of emery or sandpaper, and (c) cleaning
the surface again with a nonresidue solvent. Care must be taken not to use
snlvents which can produce corrosion or stress corrosion in the material being

tested.

3. Follow the same procedure as 2 above for the base and edges

of each attachment block.

4, Lightly precoat both the attachment block and test specimen
with the room~temperature vulcanizing (RTV) silicone rubber primer, General
Electric No. S$84004, on the areas shown in Figure 4, and allow one hour to
dry. Mix the RTV silicone rubber, General Electric No. 60 in accordance with
the manufacturer's instruction; 25 gm is adequate for one_or two attachment
block installations. Apply a very thin layer to the bottom surface of the
attachment block over the precoated area. Build up a 1/8 to 1/4~in. bead
around the peripheral edge of the block and in contact with that applied to

the baseg.
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I1TI, B, Recommended Sensor Attachment Procedures (cont.)

5. Apply a thin coat of light machine oil or a very thin coat
of light silicone grease to the bottom surface of the mounting block (refer
to Figure 5) and push the block securely into position with the silicone

rubber precoated area on the specimen.

6. Keep the block in place and complete attachment by adding the
RTV silicone rubber to produce a fillet around the attachment block which is
smoothly feathered out to the specimen surface as shown in Figure 2. If the
attachment block is applied to other than the top surface of a horizontal
specimen, provide contact pressure to keep the block firmly in place and tight
to the specimen surface while the RTV silicone rubber cures; 16 to 24 hr at
room temperature is generally required. The mixture will become tack—-free
between 1 and 6 hr after mixing and the cure time can then be shortened by

application of heat.

/e AITEY tne KLY sillcone rubber has cured, but before mounting
the sensor on the attachment block, either insert 3 or 4 drops of light machine
0il in the threaded hole, or £ill the hole approximately 1/2 to 3/4 full of
light silicone grease. Also, apply a light coat of oil or a very light layer
of grease directly to the base of the sensor; then thread the sensor into posi~

tion and seat by applying the suggested torque (usually around 18 in.-1b).

8. Following testing, remove the attachment block using a sharp
knife. Then carefully scrape or sand the residual rubber away. Removal can
also be accomplished by use of a commercially available stripping solution
(Ref 7), but care must be taken so as not to use a solvent which can produce

corrosion or stress corrosion of the material being tested,

This sensor installation technique provides the degree of contact

required for good stress-~wave-emission transmissability through three
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I1T, B, Recommended Sensor Attachment Procedures (cont.)

mechanisms: (1) a close fit between specimen surface and attachment block
surface, (2} a light layer of oil or grease to provide a continuous film
contact, and (3) the slight shrinkage of the cured RTV silicone rubber which
securely positions the block to the specimen. No noises are experienced
during specimen testing which originate from the attachment because the sili-
cone rubber follows the elongation of the specimen didentically and without
cracking, while the attachment rides smoothly in place. The few drops of oil
or light grease placed in the hole have been forced into the small volume
between the block and the specimen, thus assuring an intimate and well-

lubricated surface.

The room~-temperature silicone rubber also resists and will with-
stand without degradation of physical or mechanical properties, all environ-
mental conditions to which the B3PS fuel tank is subjected. Its envivoenmental

LI AL 1TSS STe Near reqraranca oe ntaoin oo AREHIT TAns fFram asmadossen &1 mwad o f 72 20
- - - N

to —65°F, and a brittle point of -95°F (Ref 7). 7The installation technique
has been successfully used on the exterior surface of internally pressurized
cylindrical titanium pressure vessels and on the exterior surfaces of
externally pressurized glass spheres (20,000 psig external hydropressure) with

excellent results.

In addition to the technique described above, other sensor attach-
ment methods have been found acceptable. The main considerations are that
they should not significantly attenuate the stress wave, should not be the
source of stress-~wave emissions due to cracking of adhesives or relative motion
between the sensor and test specimen, and should provide good contact between
the sensor and the test specimen. For example, successful sensor attachment
to a pressure vessel has been obtained by the technique shown in Figure 6,
where the sensor is held to the chamwber by a’wrap*aroumd retaining cord.

Figure 6 also shows a technique used in this program to mount sensors to the
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111, B, Recommended Sensor Attachment Procedures {cont.)

tensile test specimen during testing; the sensor being retained against the
specimen by a wrap—around coiled spring. In both instances, a light film of
vacuum grease or machine oil is used between the sensor and specimen. A
cushion of acoustic foam is also placed between the retaining device and the
sensor to reduce extraneous noise sources to a minimum. Although these pro-
cedures are acceptable sensor-mounting techniques and are less time consuming
in comparison to the procedure previcusly described, they are more limited in

application.
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v, STRESS~WAVE EMISSION CHARACTERISTICS

A. MATERIAL

The Ti-6A1-4V material used in this program was supplied by the
NASA Manned Spacecraft Center, Houston, Texas, from a discarded sarvice-
propulsion-system propellant tank manufactured by Allison Division of General
Motors. The material met the following chemical composition (wt %)

requirements:

Al v Fe H C N 0

5.5/6.75 3.5/4.5 0.30 max 0.0125 nax 0.10 max 0.07 max 0.20 max
The total carbon plus nitrogen plus oxygen content also cannot exceed 0.307%.

The material had been heat treated by Allison as a 1/2-in.-~thick forging by
solution treating in the reglon of 50 to 60°F below the beta transus (approxi-
maveny ol TNy weiel Loinhiem s s wane samnawsiare  and acine at approximately
1000°F for 8 hours. TFollowing fabricating, the 0.060-in.-thick tank wss post-
weld stress relieved at approximately 1000°F. Mechanical and metallurgical
properties, as determined by Allison and NASA-MSC, indicated the microstructure
to be equiaxed alpha-beta with a grain size of ASTM 5 or finer; the ultimate
and yield strengths to be nominally 170 to 175 ksi and 160 to 165 ksi,
respectively; and the plane strain fracture toughness (determined using
0.060~in.~thick PTC-tensile specimens) to be approximately 44 ksi—in.l/z. The
tank had seen approximately 250 service cycles without failure since its acti~
vation in 1965; this service included approximately 1000.hours of exposure to
N204 and &4 hours of exposure to methl alcohol. The maximum stress during this
service period was judged by NASA to be approximately 140 ksi. Nondestructive
inspection by NASA of the test panels supplied for evaluation at Aerojet
revealed neither pitting nor stress—corrosion cracking from the prior service

history.
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IV, Stress~Wave Emission Characteristics (cont.)
B. TEST PLAN

Two thicknesses (0.030 and 0.060-in.) were to be tested with three
flaw shapes in each of three test media; viz., air, distilled water inhibited
with sodium dichromate (500 ppm), and methyl alcohol. The part~through-crack
(PIC) tensile specimen design used for these tests is shown in Figure 7./ The
0.030-1in.~thick material was obtained from the 0.060~in.-thick stock by machin~
ing material equally from both sides of the test specimen in the gage section.
The 0.060-in.-thick specimens were tested in the as-received condition; the

only surface preparation was a light sanding in the gage section.

Defects were initially introduced by electric—discharge machining
(Eloxing) a tiny slot in the surface of each test piece using a chisel-shaped
tungsten electrode. By varying the diameters of electrode {(1/8, 1/16, and
1/32 in.). the size cof the initial defect was varied. The Eloxed flaws werz
then sharpened by ftatigue cycling eacn Specilen 1IN CalLileVvel LeluLilg. Ll
was accomplished using a electrodynamic shaker table. Table I lists the sample
number, the corresponding "Elox" notch configuration and fatigue cracking data.
After fatigue precracking, the specimens were to be tested in the following
manner: (1) Load in a specified environment to a gross stress of 100 ksi for
a minimum of 4 hr; (2) Fatigue cycle the test piece in air to outline any slow
crack growth that may have occurred in step (1); (3) Reload to a gross stress
of 125 kei and hold for a minimum c¢f 4 hr; (4) Again fatigue cycle to outline
any slow crack growth that may have occurred in step (3);~(5) Reload to a
gross stress of 150 ksi and hold for a minimum of 4 hr; (é) Fatigue cycle to
outline any slow crack growth that may have occurred in step (5); and finally,

(7) Fracture the specimen in air by continuously increasing the load to failure.

In the first test (Sample No. 1, 0.060-in. thick), it was found that it

was not possible to distinguish the various areas of slow crack growth by light

Page 20
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TABLE I

FATIGUE PRECRACKING PARAMETERS

Fatigue Cycle Fatigue Crack
Sample Elox Notch Crack Length Number Dimensions
No, (a),in, (2¢), in. Load, ksi of Cycles Depth  Length
(0,030-INs THICK SPECIMENS)
1 0.003 0.025(2) na (D) NA 0.0298 0,350
2 0.003 0.026 NA NA 0.024 0,156
20,6 10,300 0.027 0,234
3 0.008 0,070 Two fatigue cracks
4 0.003 0.027 NA NA ,
5 0,009 0.041 18.0 15,900 0.022 0,169
6 0.005 0.030 15.0 21,850
16,7 26,200
17,7 28,400
20.6 21,600 0.018 0.153
7 0.003 0.023(2) NA NA 0.028 0,266
8 0.005 0.039 21.0 21,000 0.019 0.192
9 0.003 0.022 17.7 19,440 0.022 0,173
(0.060~INg- THICK SPECIMENS)
1 0.021 0,098 33.4 17,200 0.025 0.110€
. 12,200 2.oDn n i
2 0.019 0,084 48,7 5,400 0,031 0.132
‘ 46,4 37,800 0,041 0,333
3 0.021 0.087 NA NA 0.030 C.155
4 0.022 0.067 46 .4 32,400 0.031 0,153
33,4 27,750
35.4 25,000 0.038 0,222
5 0.021 0.047 51.6 21,600
30,9 14,100
33.4 74,800
35.4 17,500 ,
33.4 43,200 0.036 0,156
6 0.022 0.051 46,4 27,900 0.034 0,109
7 0.021 0.083 35.4 26,600
33.4 27,750
35.4 80,000
33.4 34,400
30.9 20,000 0.031 0,139
8 0.026 0.080 30.9 24,400
28.4 167,500
36.0 149,000 0.037 0,138
9 0.023 0.051 36.0 175,000 0.030  0.091

(a) Burnt area caused by the Elox operation,

(b) Not Available, For the specimens fatigue cycled early in the program, it
was difficult to obtain the number of cycles, the load was always less than
20 ksi for the 0.030-in.~thick specimens and less than 40 ksi for the 0,0060-
in.«thick specimens, ’

(¢) Best estimate based on surface measurement,

Pl
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IV, B, Test Plan (cont.)

microscopy; electron fractography had to be used to distinguish between the
bands of environmental slow crack growth and fatigue cracking. The cost of
electron fractography for this purpose would have been prohibitive., Also,
since the specimens were to be fatigue cycled four times, the flaws would have
tended toward the same shape and size, thus eliminating the initial difference

in flaw shape.

The experience with the first test specimen dictated a major change
in test procedure. Since the technique of fatigue cyeling after environmental
exposure was found to be impractical in the testing of such thin PTC~tensile
specimens, il was necessary to change the procedure so that instead of loading
each specimen to progressively higher stress (100 ksi, 125 ksi, and 150 ksi),
each specimen was loaded Lo a specified stress intensity (KI) value that was
based on the estimated critical stregs intensity factor. In a methyl alcchol
e e s

Bt Ter Her hadcwa enaardloas

AT YOMMETIE . &1 L L DL M D L e e Y mrcam s — i o

v -

of the stress level used. However, in an ailr or inhibited water envivonment,
with one anomaly, none of the test specimens falled; subsequent to prolonged
periods of stress-environment exposure, these gpecimens were failed by railsing
the load to the critical stress intensity, KIc'
Table If lists specimen numbers, test environment, and corresponding
load history. Figures 8 and 9 illustrate the fatigue crack and fracture faces
for the 0.030 and 0.060-in.~thick specimens, respectively. It should be noted
that two coplanar fatigue cracks developed in Specimens Ne. 3 and 6 (0,0BO—in.

thick material).
C. FRACTURE MECHANICS CONSIDERATIONS
The part-through—~crack tensile gspecimen incorporates a preflaw

counfiguration which has been shown to have resulted in the service and hydro-

test failures of numevous pressuve vessels. Thus, with this specimen, it is

Page 23
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Sample No Tested in Methyl Alcchol

1 % '
¢
?
6 ggn K o S » J
Tested in Distitled Waler Plus 500 PPM Sodium Dichromate
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%
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/ :
LM deln WEELE PINEEC Pt i i i e ks
. Tested in Air

' {
\ A
i i
7 . ‘
B ,
Wi o El o - i o tuard

’

Figure 8. Fracture Faces of 0.030-in.-Thick 6AL-4V Titanium Alloy
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Sample No. Tested in Air
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Tested in Distilled Water plus 500 PPM Sodium Dichromale
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Tested in Methyl Alcohol
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Figure 9. Fracture VYaceg of 0.060 in.-Thick 6AI-4V Titanium 2dley
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IV, C, Fracture Mechanics Considerations (cont.)

possible to duplicate in the laboratory, stress-flaw-environment conditions
which are frequently encountered in seyrvice failures. The following relation-
ship was derived by Irwin (Ref 8) for calculation of stress intensity values

in part~through-crack tensile testing:

.

2 1.21 7 a F©

K e
Ic

(Eq 1)
_ 1/2
KIc = 1,95 F (a/Q)
where a is the crack depth, F is the gross stress, and Q is a flaw-shape para-

meter (see Figure 10).

The stress-intensity sclution for a cemi~elliptical surface flaw
as derived by Irwin has been found to be veasonably accuvate for flaw depths
J b by

e -~ - . LI viooe T

- PR Ao, P N N LI VR 4 4= .
UY LV QR PLUVAIINEGLELY 200 Y h bihe baihh e s e e N T - s

applied stress intensity is megnified because of the effect of the free surface
near the flaw tip. This means that in thin-walled vessels (i.e., vessels where
the critical flaw size approaches or exceeds the wall thickness), the flaw-tip
stress intensity can attain the critical KIC value at a flaw size which is
significantly smaller than that which would be predicted using the equation as
derived by Trwin. Kobayashi (Ref 9) has developed & solution for deep surface
flaws which are long with respect to their depth (a/2c <0.30), and Smith

(Ref 10) has developed a solution for semicircular surface flaws (i.e.,

al/2¢ = 0.5). The results are shown in Figure 11 in terms of a stress intensity
magnification factor, Mk’ plotted against the crack-depth-to-thickness (a/B)

‘ratic. This factor is applisd to the orieinal Irwin equation to obtain the
EJ). i g

ot

stress intensity for deep surface

t

laws. It is seen that the magnification
factor reaches a minimum value of less than 10% for semicircular flaws, whereas

an increase of about 607 is observed for flaws with small a/2c¢c values.
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IV, Stress-Wave Emission Characteristics (cont.)
D. STRESS~WAVE EMISSION INSTRUMENTATICN AND DATA ANALYSIS

The instrumentation used to acquire stress-wave emission data in .
this program is shown schematically in Figure 12 and consists of accelerometers,
amplifiers, filters, tape recorders, a frequency switch and an electronic
counter and digital printer. The accelerometers were attached to the specimens

using the linear force-coiled spring technique shown in Figure 6.

As indicated in Figure 12, two basic systems were employed for
‘stress~wave emission data acquisition. The electronic counter system was
employed for all tests and provided a real-time auvtomatic count of the stress-
wave emission rate throughout each test period., Typical stress-~wave-emission

data from the counter-printer is shown in Table TIL.

The high-pass filter used in the svstem eliminates a major portion
b 3

DU irmermesee Vo feaanency nntaes vhieh tend to mask very small amplitude

stress waves. In a similar menner, the freguency sSwilch 18 & S1gHal ULSUL Lwiua—
ting circult developed at Acvojet, which eliminates much of the spuvious
instrumentation-noise signals which do not contain the characteristics of

stress waves. This switch basically looks at the amplitude and frequency
content of a signal and provides a pulse output for each stress wave and no
output for noise signals. The pulse output is provided as an input to the
electronic counter(s), which then collect and tabulate total count and rate

of stress-wave-emission data.

The second data acquisition system was employed during the testing
of selected specimens exposed to each of the test enviromments. This acquisi-
tion system also used the amplification and filtering componznts butf incor-
porated a magnetic tape recorder. The magnetfic tape recordings were made

i

either by direct recording or by revecording from a tape-locop recorder.
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COUNTER DATA FROM PRINTER
SAMPLE NO. 1, 0,030~IN,.-THICK, TESTED IN METHYL ALCOHOL
Ti-6Al~-4V ALLOY

Ten Second SWE Per Ten Average SWE Minute SWE Per Average SWE *
Interval Seconds per Second . Intervals Minute Per Second
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TARLE ITI {cont.)

Ten Second SWE Per Ten Average SWE Minute SWE Per Average SWE
Interval Seconds per Second Intervals Minute Per Second
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IV, D, Stress-Wave Emission Instrumentation and Data Analysis (cont.)

During longtime tests, the cost of tape and the possibility of running a test
beyond the time represented by a single reel of tape requires that the closed-
loop system of data acquisition be used. This system consists of a loop~to- ’
recorder reproducer and a remote-controlled tape recorder. The loop recorder
is run continucusly and transfers the stress-wave data recorded on the loop
to the remote-controlled tape recorder whenever a signal i1s recorded above a
selected amplitude. In this manner, long-~time tests can be compressed onto
tape recordings of a reasonable length. Periods in which no stress-wave
emigsion data occurs are not transferred to the remotely controlled recorder.
Shorter—-term tests or tests under constantly changing conditions, such as
during rising load periods, are usually recorded directly on magnetic tape
without use of the tape~loop recorder. All taped data are then played back
and recorded, for analysis, through a light-beam galvenometer oscillographic
recorder onto photographic paper; a typlcal oscillogram is shown in Figure 13,
Tha "cdmannd datl TYoanoney FRADNHNMEE (1) 1 1HE [ HUULU™DLdYLdiith ©YD LS
is maintained as high as possible to preserve the fidelity of the original
signal. It should be ncted, however, that the stress~wave emission itself
1s a transient wave of a pulse nature and its recorded quality may bear little
relationship to a system whose frequency response is determined by a pericdic

function.
E. DISCUSSION OF RESULTS

1. Critical Stress Intensity

The critical stress intensity (KIC) values obtained for the

0.030 and 0.060-in.-thick materials are shown in Table II and averaged 43.5

1/2 - A .
/ and 45.9 k51«lm,l/?, regpectively. These values agree well with

1/2

the value of 44 ksi-in. obtained by NASA for the 0.060-in.~thick material

ksi-in.



68 sec Prior to Failure

133 ksi Gross Stress

43 sec Prior to Failure

Failure
141 ksi Gross Stress
i ’ !
N i 1
N -', k Lo H I H "
| : ) . f\ T “:“m"w ¢ ,; 3
e e e e At , ¥ S, kL
f N R | % !
R ! e
; . 3
' System i ;
18 sec Prior to Failure . - Saturated R

Figure 13. Oscillogram of Specimen No. 7 (0.060-in.~Thick) 6AL-4V
Titanium Alloy Tested in Air, Failed in Rising Load
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IV, E, Discussion of Results (cont.)

used in this program. From Table II, it is also apparent that there was no

significant difference in the K. wvalue as a function of testing in either

Tc
an air or inhibited water environment. This would be expected, since previous
studies (Ref 11) have shown that while environment may vary the rate of slow-
crack growth, it does not alter the critical combination of stress and crack
size required for failure. Since the measurement of environmentally induced
flaw extension in methyl alcohol would have required electron fractography,
critical stress intensity values were not calculated for tests in this

environment.

The apparent stress-intensity values of 43.5 and 45.9 ksi-in.

for the 0.030 and 0.060-in.~thick material may not be wvalid KIc values accord-~

ing to a criterion set down by Brown and Srawley (Ref 12): their criterion
. 2
specifies that the specimen thickness must equal or exceed 2.5 (KLC/FtV) for

'L/Z Aand 2 wiald ctrancth
oL A . . _

57 B T T SN Thmna o P - A A PR S RN

of 160 ksi, the minimum thickness would be 0.19%-in.; thus, where the thickness
of material aveilable for test is only 0.060~in., it is not possible to obtain
a valid KIc value according to thles criterion. However, in a recent study of
6A1-4V titanium as used in the 52-in,.-dia second-stage Minuteman rocket motor
case (Ref 13), it was observed that the 2.5 (KIC/Fty)Z criterion is too
restrictive in PTC~tensile test measurements of KIc' Likewise, the criterion
has been shown to be overly conservative in PTC~tensile tests of grade~200

18% nickel maraging steel (Ref 14). From the Minuteman data~collection
program (Ref 13), when the data from 0.125-in.~thick, shallow-cracked, PTC~

tensile specimens were plotied on probability paper (several hundred tests),

, - . .o Y/2 . o
the population mean value of K. was 39.1 ksi-in. , with a standard deviation

. Ic
of 1.6 ksivim,llzg

Page 37
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IV, E, Discussion of Results (cont.)

2., Effect of Applied Stress Intensity (Kii)

The applied stress intensity data in Toble II and plotted in
Figure 14, illustrate the pronounced effect of environment on stress corrosion
cracking of the Ti-6A1~4V alloy. When tested in an air or inhibited water
environment (except for Specimen 8, 0.03-in.-thick), neither slow-crack growth
nor failure was observed during hold perioeds of up to 18 hours at applied
stress intensity values of up to 92% of KIC (0.92 KIC)E In methyl alcohol, on
the other hand, the time to failure was found to be dependent upon the applied
stress intensity level. Note, also, that in the semi-~log plot of Figure 14,
it was possible to draw a straight line through all but one data point; more-

over, the straight line extrapolated to K.,/K. = 1. The one data point off
1i"7Ie

the straight line was from Spac n No. 6, which involved twe coplanar fatigue

~

cvacks apnvoximatelvy §.2-dn. apavi®,

3. Stress-Wave-Emission Characterization

a. Laboratory evaluations

Typical plots of stress-wave count rate (SWE/time) for
the various materials and environments investigated are shown in Figures 15
through 21. The stress-wave data were consistent with the fact that in air

N

and inhibited water, with one exception®#*, the test specimens did not fail

*Because of the straight line; it is possible to estimate the effect of the
two coplanar fatigue cracks on specimen fallure. For failure to ocour in 26
‘minutes, as it did in Specimen Yo, 6, the applied stress srigd £
would be approximately 0.7 KIe with a single surface flaw. Howevar, in
Specimen No. 6, the stress intensity level was calculated to be approximately
0.5 Ky, assuming a single surface flaw i1s produced at the eloxed defect. Thus,
it appears that the effective flaw was larger than that used in the calcula-
tion; i.e., there must have been an interaction of the two coplanar
#%Gpecimen No. 8, after a succession cof holds at increasingl Loher
intensity levels, failed after only 10 minutes
level of 37.2 ksi-in.1/2. 1o explanation was found for
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IV, E, Discussion of Results (cont.)

under sustained load for long periods of time. In these environments, the
plots of stress—wave count rate showed no evidence of crack growth; whereas,
in methyl alcohol, the stress-wave data produced strong evidence of crack

growth,

In Figures 15 through 21, the data are presented in two
ways; one is a plot of stress-wave count rate {(SWE/time) versus time at hold,
and the other is the cumulative number of stress waves versus time at hold.
Both types of data presentation provide a basis fof terminating a test prior to
failure. The plot of SWE/time versus time at hold is useful in determining
the critical SWE rate preceiding failure. The plot of cumulative SWE versus
time at hold provides a means for distinguishing crack growth from background
noise and detecting the onset of instability. If the cumulative SWE plot has
a constant slops, the detected gignals can be attributed to background noisey

- S I 4 AT R e oo iy mEe PR S PR 1 T oyram TR
Withe s vy o - *BRo cdome g dncereasing, cerack growith is eccurring (see Figure 1
» PR & =] \

As crack growth continues, the S10pe LiL e i 22T Imovsace evnoneuciana,
until 1t is nearly vertical at failure. In addition, in practice vhere a real
time data printout SWAT system, including trianpgulation back to the source of
the emission, would be employed, the random nature of background noise would
be easily distinguishsable from the single source of emissions associated with
the growth of a flaw. Observation of the data on an cscilloscope during a

test would also distinguish crack induced stress waves from noise.

The data in Figures 18 thyough 21 indicate a comparatively
large number of stress waves is sometimes observed at the start of hold which

gradually decreased in number with time; this is thought te be due to ipnitial

7
[

he crack and has heen chaerved

r
ot

crack tip adiustment resulting in blunting of

[
1%

in most of the laboratory tests conducted at Aerojet where SWE have been

employed to monitor fracture in structural metals.
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IV, E, Discussion of Results (cont.)

The SWE data in Table IIIL is typlcal of that obtained
with the electronic counter~printer data acquisition system and was obtained
from Sample No. 1 (0.030-in. thick), which was tested in methyl alcohol. This
data is plotted in Figure 19, and illustrates the SWAT system sensitivity and
the detailed information that can be obtalned on crack growth in laboratory
test specimens. Figure 19 also shows the cumulative stress-wave count for
Specimen No. 1, which failed after approximately 15 minutes of exposure to
methyl alcohol at an applied stress intensity of 35.4 ksi—in.l/zu From the
plot of the cumulative count, 1t can be seen that there are distinct changes
in slope before the final drastic change at the onset of instability. The
zero-slope portions of the cumulative-count curve are consistent with the zero
count-rate (SWE/time) observations. The peaks in SWE/time corresponding to the
rising portions of the cumulative—count curve may be either noilse (detected
because of the high sensitivity of the system), or crack-induced stress waves.

- - - B - - L] 1. P B [ R A B i IO S
D e R I S e aa S T P N

ing count rate and exponential cumulative count associated with failure;
observation of the date on an oscilloscoepe would also distinguish crack-induced
stress waves from noise. The point (&) in time corresponding to the rapid
increase in count rate and cumulative count is taken to be the onset of
detectable crack growth by SWE and provides sufficient time to terminate

testing or vessel pressurization prior to failure.

Figures 15A and B, 1l6A and B, and 17 show SWE data for
specimens exposed to air (Figure 15A and B) and inhibited water (Figures 164
and B, and 17); neither slow crack growth nor specimen fracture occurred
during the hold periods. Fach of the two specimens was held for about 1100
minvies at KI/KIC = 0.82 without fallure. From Figures 152 and 163, it is
evident that there is a constant slope in the curve of cunulative SYE count
versus {ime at hold indicsting background noise rather than SWE from crack

e
growth was being counted. There is also no dndication of slow crack growth
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IV, E, Discussion of Results (cont.)

in the macrographs shown in Figures 8 and 9 for specimens exposed to air and
inhibited water, confirming the stress-wave-emission data. The first part of
Figure 17 was collected from data run during the day when adjscent laboratory,
machine shop, and weld shop noises were characteristic of normal opérating
conditions. The drop in count rate toward the end of the test represents data
obtained early in the morning before the laboratory, machine shop and weld

shop were in operation.

As indicated previously, the random nature of this back-
ground noise could easily be distinguished from the SWE associated with flaw
growth at a single source through the triangulation capability of a real time
SWAT system; observation of the signals on an oscilloscope during the test

could be similarly employed to distinguish between the two wave forms.

_— -~ B B e ] . . P § P ]

PO P Do P ST U
emission data for specimens exposed to a methyl alechol environment, indicating
a markedly different behavior from ailr and inhibited water. In each test with

a methyl alcohol environment, there was a posit ndication of environmentally
induced slow crack growth, as evidenced by stress-wave emission. TFrom Figures
18 through 21 it is evident that there is a critical stress emission rate
preceding failure. The cumulative-count plots illustrate how crack growth may
be monitored by observing the change in the slope of the curves. In all

instances, there 1s an increase in slope from a relatively constant value to an

exponential slope which is a precursor to failure. =

In the plots of stress-wave data for the methyl alccohol

1

tests, the cumulative stress-wave count was plotted versus e:

constant load.® Figure 18 shows the cumulative stress-wave count for

der constant lead in the methyl alcohol

o

ulted in an increasing stress

specimeng were held ur
“regs-—corrosion cracki
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IV, E, Discussion of Results (cont.)

Specimen No. 6 (0.030~in.-thick), which failed after approximately 23 minutes
of exposure to methyl alcohol at an initlal applied stress intensity of :

24.3 ksi—in,l/z (80 ksi gross stress). Note that in this specimen, there
appears to be a more or less linear increase in cumulative SWE count {(a to b)
followed by an increasing rate from b to failure. If a monitoring system were
used to differentiate the stress-wave count with respect to time, the changing
slope could be used as a precursor of crack instability. This curve indicates
an increasing rate of stress—corrosion cracking starting after about 720 seconds
(12 minutes) of exposure which could also be the primary incubation time at

this stress intensity level,

Figure 20 shows the cumulative stress-wave count for
Specimen No. 6 (0.060-in.~thick), which failed after approximately 165 minutes

of exposure to methyl alecohol at an initisl applied stress intensity of

PPN
e e e .L//_ Fam o4 e &

e e BT e e g @ T e . . . - s
o7 et o e ST Lol oLoizn oo ’\ Tatn fene rhie nlatr trhat there avnears

to be two rates of incresse

ek
o)

the cumularive count; at a to b, ¢ to 4, ¢ to £,
and g to h theve is one slope, and a greater slope in between these increments.
At c there appears to have been a pop~in; note that the plot of SWE/time versus
hold time also indicates a larger-than—average increase in count rate at

approximately 90 minutes.

From the standpoint of stress-wave emission characteriza-~
tion, the final instsebility was similar for all three environments since in
each an increasing stress-wave—emission count rate and .an increasing stress—
wave amplitude was observed as fallure was approached. The increassed count
rate is shown in Figures 18 through 21 for failure in the methyl alcchol

envircoment. Figure 13 also shous this effect and the accompand

held in

SWE amplitude which was ohserved immediately prior to failure during

environments.
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IV, E, Discussion of Results (cont.)

b. Comparison with SWE Data from Previous SPS Pressure
Vessel Tanks

The SWAT systewm previously used during the SPS5 fuel tank
test provided a full-scale ocutput for an acceleration (g) level of 0.3g.
Resolution to ome-tenth of the 0.3g value or a discermment of 0.03g could
readily be accomplished. No filtering was performed either prior to recording
or during playback of the test data. Maximum available charge amplifier gain

was 500:1.

In the present program, detection of stress-wave emissions
from crack growth of titanium in methanol was accomplished with a total system

I

gain of approximately 64G00:1, Tull-scale output was obtained for an accelera-

tion (g) level of 0.00225g's., Minimum resclution was approximately 0.00015¢.

o T . o e ! EITS Fa T P | LT o e b o - -
AlL QAld OLLELILEU Wad HABL puow  amoweoee oo - Eakial g linday HYacrrineo

test planning, these sensitivities should be obcainable during pressure vessel

tests.

In verification of the increased sensitivity required to
detect the small amplitude stress-wave emissions, the data tapes recorded during
the SPS fuel tank test were reviewed. Data from the four sensors nearest the
failure region were analyzed in a variety of ways. In one method, the data
was visually observed on an oscilloscope as it was played back through a filter;
in another way, the data was rerecorded through a light beam galvanometer and
oscillographic recording system. Stress-wave emissions were also counted

]

through use of the counting systen previously described and used in this orogranm.

In each instance, the following results were obtained:
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IV, E, Discussion of Results (cont.)

(1) The resolution of stress-wave emissions detected

during the test was considerably improved.

(2) The total number of SWEs detecied was actuzlly much
greater than previocusly reported. A portion of these SWE may also, however,
have originated from adhesive cracking. No attempt was made during this program

to triangulate to their origin.

(3) The number of stress waves detacted by the sensor
on the forward head, the failure origin, and the nearest adjacent sensor were
higher in count than at the next two sepsor locations. For example, at sensor

location No. 1 (on forward head nearest failure origin) and at sensor location

&

No. 2 (nearest to forward head on the chamber cylinder) the stress-wave count

rhraneh the nressure hold was 90 and 86, reepectively. AL more remcte senaor

. -

positions three and Ioui, cus ono weess 777 NS0T /L rosuoirasea, .

Thus more stress—wave emissions of small amplitude
were occurring in the region about sensor number one where failure
occurred than at any other location on the SPS fuel taenk. These stress waves
were not large enough to be detected at more remote sensor positions with the
system sensitivity in use at that time. However, with the new SWAT capabilities,
in such major areas as sensoyr attachment techniques, sensitivity amplification,
filtering and noise reduction, it is possible to increase the resolution of

the SWE data both in real~time during testing and during data playback.

b,  Application te Pressure Vessel Integrify

The purpose of both nondestructive inspection and hydrotest

is to provide a high degree of assurance thet the pressure vessel will pot fai

=]

during scrvice. The success of both proceduves, however, is based on the



IV, E, Discussion of Results (cont.)

premise that each will assure that no defects larger than a given size are

present in the vessel as it enters service. The specified size is based on a
knowledge of the working stresses, the yield strength of the material, and the
fracture toughness of the material; these facts permit calculation of the size

of flaw that will be dangerous to the structure or tankage.

In service where an adverse environment is involwved, the
threshold stress intensity for subcritical cracking (Klscc) rather than the
critical stress intensity, becomes the basis for calculating the dangerous
flaw size. In air and the inhibited water investigated in this study, the

threshold stress intensity factor was approximately 90% Of‘KIc' For periods
of up to 18 hours, there was no evidence of slow crack growth. The following

calculated values of critical flaw size are based on a threshold stress

intensity level of 0.9 KIC or 42.5 ksimin,l/za
CRITICAL CRACK DEPTH (IN.) TOR AIR AND INHIBITED WATER
1/2
== Z = [ kgiw-q !
KIi/KIC 0.9 (kli 42.5 ksi-in. )
Working Crack Shape (a/2c)
Stress, ksi 0.1 0.3 0.5

100 0.049 0.074 0.113
125 0.029 0.045 0.082
150 0.022 0.030 0.051

s

In methyl alcohol, the threshold level was not determined;

at no time was the applied stress intensity level (KIi) low enough to eliminate

subcritical crack growth in the hold perieds investigoted.

21 indicate that significant slow crack growth

20 and

Figures

i}

began in the 0.060-in.~-thick

material after approzimately 90 minutes of exposure to methyl alcohol at an

applied stress internsgity level of approximately 0.6 KIQ’

thick material, the slow crack growth was observed after approximately 10 minute

Paga 53
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IV, E, Discussion of Results (cont.)

of exposure to methyl alcohol (see Figures 18 and 19). Thus, for service

involving less than 10 minutes of exposure to methyl alcohol, at an applied
1/2

stress intensity level of 0.6 KIc (26.5 kei~in. ) the calculated values of

critical flaw size would be as follows:

CRITICAL CRACK DEPTH (IN,) FOR METHYL ALCOHOL

. _ wian L2
KI_:L/I\Ic = 0.6 (KIi = 26,5 ksi~in. )

Working Crack Shape (a/2¢)
Stress, ksi 0.1 0.3 0.5
100 0.014 0.027 0.043
125 0.012 0.014 0.023
150 0.008 0.010 0.014
Coe n Ve e LT d A #ba cshove ealevlations of critical

crack depth were based on the initiation of subceritical erack growth rather

than time to failure. However, 1t is common practice to base such calculations

on time~to-failure measurements obtained for 'practical' observation periods
of less than a week (often less than twenty-~four hours). The latter approach
is obviously arbitrary and may be highly unconservative - after a week or any
other arbitrary observation period, the specimen may not have failed, but slow
crack growth may, nevertheless, be continuing and go undetected in the absence

of a test method such as SWAT.

In a pressure vessel, subcritical slow crack growth can ocour

3 fone 3 Be e
undetecited

Q
el
s

4
"
)
)

3

from small surface flaws present following menufacturing

o

during subsequent nondestructive inspection or hydrectest, TFor e

inner~diameter surface of a pressuve vessel were to have tool marks left from

the finish-machining operation, it would be virtually impossible teo detect the

shallow surface flaws indicated in the above tabulations by con nov-
destructive inspection techniques. In hydrotest, such flaus i in
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IV, E, Discussion of Results (cont.)

size but not sufficiently to result in failure. However, during subsequent -
long-time service, failure may occur because of slow crack growth even though

the vessel passed hydrotest at a higher stress level.

In view of the above problems, it is considered highly
desirable to employ SWAT as a supplementary nondestructive inspection technique
both during laboratory investigations to generate reliable KIscc data and during
hydrotest to determine the occurrence and location of flaw growth which may

otherwise go undetected and result in subsequent service failures.

L
[@s

P&gﬁ



V. CONCLUSIONS

A, Sensor attachment techniques have been successfully developed and
demonstrated which overcome previous bonding-agent problems encountered during

the hydrotest of an Apollo SPS tank.

B. The system sensitivity required to detect stress-wave emissions
from subcritical crack growth in thin walled (0.030 and 0.060-in.) 6A1-~4V
titanium alloy has been successfully achieved and demonstrated in air, distilled
water inhibited with sodium dichromate (500 ppm), and methyl alcohol environ-~
ments. Verification of adequate SWAT-system sensitivity was made through

analysis of stress-wave emission data from a previous Apollo SPS-tank

hydroburst.
s , ., N 1 P . . 1/2 ,
C. Critical stress intensity (&rc/ values of 43.5 ksi-in. and
1/ =
e s .. 1/2 . . . A . oy
Lol ol to T1T viava ahtatned. respectively, for the 0,030 and 0.060~in.-thick
T1-6A1~4V material evaluated in this SIVAY. tumse vamwe. — 07777 70 PE wmien

1/2

the 44 ksi~in. ' " value obtained by NASA for the same 0.060-in.~thick material,
D. Alr and distilled water inhibited with sodium dichromate (500 ppm)
environments did not produce slow crack growth or failure during hold perieds
of up to 18 hours at applied stress intensity wvalues of up to 0.92 KIc' This
observation was verified both by the stress-wave emission data and by examina-

tion of the fracture surfaces.

E, In methyl alcohol, slow crack growth and failure always occurred

during hold, with the time to failurs dependent on the applied stress intensity.
The X, for Ti-~-6A1-4V alloy in a methyl-alcobol environrant was below 26.5
Isce ’

ksi-in.}/2 (0.6 KIC), which was the lowest initial applied stregs intensity

investigated.



V, Conclusions (cont.)

F. The stress-~wave emission characteristics which can be used as
precursors of failure were the same for all environments investigated; these -
are: (1) the rate of occurrence, (2) the cumulative count, and (3) the
amplitude of stresg-wave emissions, all of which increased significantly as

failure was approached.

G. In air and inhibited water, no significant SWE were observed’under
sustained load for hold periods of up to 18 hours. This was consistent with
the fact that there was neither evidence of slow crack growth in the fracture
surfaces nor failure during the hold periods. Failure during subsequent rising
load was detected by monitoring the stress-wave emissions occurring and was

attended by increased stress-wave rate of occurrence and amplitude.

H. In methyl aleohol, SWE dindicative of the subcritical crack growth
Wt e ZTTT T Fevdiee FRa ROLOINY LELLVUS Gt sl e 0T R waka af ncenrrence

and amplitude as failure approached.

I. The interval between the onset of detectable crack growth as shown
by the stress-wave emission data and actual failure varied as a function of
environment and applied stress intensity; in all instances, this time interval
was sufficient to terminate the pressurizing cycle in a hydrotest prior to

failure.

J. The stress-wave analysis technigue should be employed as a method
of detecting and locating the occurrence of subceritical crack growth during
procf testing of critical tankage and duving leboratory investigations of the

threshold stress intensity level for subcritical crack growth (K CC) and/ox

Is
slow~crack~growth mechanisms. The need for SWAT is particularly acute in the

proof testing of pressuve vessels where past experience has shown that subcri-
tical crack growth may occur without producing failure, and then cause failure
even at lower service stresses due to additional, environmentally induced slow

crack growth during long periods of service.
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VI. RECOMMENDATIONS

A, The SWAT sensor attachment techniques and system sepsitivity
criteria evolved during this program should be verified through the hydroﬁeét
of an Apollo Service Propulsion System (or similar thin-walled) pressure
vessel. A mobile SWAT instrumentation van is presently availlable for this
purpose and would demonstrate the application of criteria evolved through this

study under actual hydrotest conditions.

B. Subsequently, a SWAT instrumentation system should be designed
specifically to meet Apollo requirements. The design should be sultable for
interfacing with other NASA materials and/or component test instrumentation

such as currently available computer, data readout and hydrotest facilities.

C. Stregs~wave emission data should be obtained on a rvoutine basis

lonfe s merarialae fest programs, partilcularly those lovestigating slow crack
growth where it would be posSsSiDie Lo Ubeaio wLolID 777N ATIERTION QldALac ve s s
tion data for application during subsequent component bydrotest aud/or in-service

monitoring. Such data would be ugeful during the materials study by determining
the occurrence of subcritical crack growth where no other technique is awvailable
(such as during the testing of part-through~crack tensile) and in providing a

more basic understanding of the mechanisms of slow crack™growth.

D. Investigations should be conducted to investigate the interactions
of multiple flaws on titanium fracture. Such studies could be employed using
PTC-tensile specimens of both parent metal and welds and using SWAT as a real-
time technique to indicate the load and test time at which interactions occur.
This information would be useful in assessing the integrity of such critical
pressure vessel areas as welds where multiple porosity often ceceurs, and in

determining associated accept/reject criteria.



VI, Recommendations (cont.)

E. Tests to establish the threshold KIS e value for critical Apollo'
material-environment combinations should be performed using SWAT as a means
of detecting the occurrence of suberitical crack growth. This would include
a continuation of the methyl alcohol tests initiated in this program. Currently,
the KIscc values are obtained on the basis of plots of applied stress intensity
vs time to failuvre where the latter measurements usually are based on practical
observation periods of less than a week. This is obviously arbitrary and may
be highly unconservative - after a week or any other arbitrary observation

period, the specimen may not have failed, but slow crack growth may, neverthe-

less, be continuing and go undetected in the absence of a method such as SWAT,
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